Transfection with synthetic mRNA is a safe and efficient method of delivering antigens to dendritic cells for immunotherapy. Targeting antigens to the lysosome can sometimes enhance the CD4 ؉ T-cell response. We transfected antigenpresenting cells (APCs) with mRNA encoding Gag-p24 and cytoplasmic, lysosomal, and secreted forms of Nef. Antigenspecific cytotoxic T cells were able to lyse the majority of transfected targets, indicating that transfection was efficient. 
Introduction
There is extensive evidence that cellular immunity plays a key role in control of HIV infection. In particular, certain HLA class I alleles are associated with prolonged survival and nonprogression to AIDS, strongly implicating CD8 ϩ T cells in viral control. [1] [2] [3] [4] [5] [6] Although functional correlates of immune protection have been very difficult to characterize, recent reports have highlighted the potential importance of persistent CD8 ϩ T-cell proliferative capacity in protection from AIDS. 7 Lichterfeld et al 8 demonstrated that in vitro this proliferative capacity was dependent on CD4 ϩ T-cell help and could be restored by addition of autologous CD4 ϩ T cells and that in subjects with chronic HIV infection proliferative capacity was restored in vivo by experimental vaccination that boosted the frequency of antiviral CD4 ϩ T cells. Taken together, these findings support the idea that therapeutic immunization targeting both the CD4 ϩ and CD8 ϩ T-cell compartments is a promising method for boosting protective immunity in subjects with chronic HIV infection.
Dendritic cells (DCs) are the most potent antigen-presenting cells in the body and are capable of inducing CD4 ϩ and CD8 ϩ T-cell responses in vitro and in vivo. Because of this there is great interest in developing methods to exploit DCs to boost immune responses in cases where the immune response is qualitatively or quantitatively insufficient, such as cancer and HIV infection. Promising preliminary results have been reported for both these applications. [9] [10] [11] [12] Numerous methods have been used to load DCs with antigen for use in potential therapeutic vaccines. These include DNA transfection, transduction with live viral or retroviral vectors, and loading with chemically inactivated virus, recombinant protein, or synthetic peptides. In addition, it has been demonstrated that DCs can be loaded by transfection with synthetic mRNA encoding antigen from a variety of sources, 13 including HIV. 14 This method has several practical advantages, including high efficiency of transfection, lack of safety concerns related to DNA integration into the chromosome or adverse reaction to viral vectors, absence of any irrelevant vector antigens, and relative ease of production of new mRNA transcripts encoding novel antigens, such as autologous clinical isolates. DCs loaded with antigen by this method have already been used in several human trials for cancer immunotherapy, with promising results regarding immunogenicity and preliminary evidence of clinical benefits. 11, 15, 16 Thus mRNA-transfected DCs may be a very useful tool for therapeutic immunization with HIV antigens.
We have adapted a reliable method for transfection of monocytederived dendritic cells (MDDCs), derived from subjects with chronic HIV infection, using synthetic mRNA encoding HIV antigens. Previous reports have shown that targeting antigenic constructs to the lysosomal/endosomal pathway in antigenpresenting cells can sometimes enhance presentation of HLA class II-restricted epitopes derived from tumor and viral antigens in both mice and humans. [17] [18] [19] [20] [21] [22] [23] In this report we show that by expressing Nef protein as a lysosome-targeted chimeric antigen, we are able to stimulate in vitro robust polyclonal T-cell lines from the peripheral blood mononuclear cells (PBMCs) of chronic viremic and aviremic HIV-infected subjects. These polyclonal lines recognize multiple distinct epitopes and have a high proliferative capacity. Because both CD4 ϩ and CD8 ϩ T cells with diverse specificities are expanded under these conditions, targeted lysosomal expression of HIV antigens by mRNA transfection of MDDCs may provide the basis for a promising new form of immunotherapy for subjects with chronic HIV infection on highly active antiretroviral therapy (HAART.)
Patients, materials, and methods

Human subjects
For experiments using MDDCs, 25 subjects with chronic HIV infection were recruited from the Shattuck Hospital and from the Infectious Disease Clinic at the Massachusetts General Hospital (MGH). For ex vivo enzyme-linked immunospot (ELISpot) analysis of PBMC responses, a total of 347 HIV ϩ subjects were recruited from 4 hospitals in the Boston area. Individuals at all clinical stages with detectable HIV-specific cellular responses were included regardless of CD4 count, viral load, or treatment status. Approval was obtained from the MGH and Shattuck Hospital institutional review boards for these studies. Informed consent was provided according to the Declaration of Helsinki. All blood samples were obtained by venous puncture with anticoagulant citrate dextrose, and PBMCs were separated from fresh blood by Ficoll gradient centrifugation.
Cell culture
All cells were grown in HEPES-buffered RPMI medium supplemented with penicillin, streptomycin, L-glutamine, and plasma or serum. For lymphoblastoid B-cell lines (BLCLs), 10% fetal bovine serum (Sigma, St Louis, MO) was used. For generation of MDDCs, monocytes were adhered to plastic in 5% pooled human AB serum (PHS; Sigma) and propagated in 1% heparinized normal human plasma. T-cell lines were grown and assayed in 5% PHS.
Construction of viral antigen templates and in vitro transcription
Synthetic mRNA used in Figures 1 and 2 was transcribed directly from gag or nef polymerase chain reaction (PCR) products bearing a T7 polymerase promoter. All other synthetic transcripts were transcribed from linearized plasmid templates. HIV antigen genes used to construct templates were cloned from the NL4.3 molecular clone of HIV-1 or from a synthetic nef gene (DNA2.0, Menlo Park, CA) encoding the noncodon-optimized 2001 clade B consensus nucleotide sequence (submitted to GenBank: accession no. AY973547), which was derived from the Los Alamos National Laboratory database. 24 Construction of a template for chimeric lysosome-targeted antigens was generally as described previously. 19 We used a vector (pLyso) containing the following sequential elements: a T7 polymerase promoter, a Kozak ribosome binding motif including the start codon of the open reading frame (ORF), the endoplasmic reticulum (ER)-targeting translocation signal of gp96, an antigen insertion locus, the lysosomal targeting motif of LAMP-1, a stop codon, and a polyA tail sequence. Synthetic mRNA was prepared by transcription from linear a DNA template with the Message Machine kit (Ambion, Austin, TX). In Figures 1 and 2 , transcripts made from PCR product templates lacking PolyA tails were polyadenylated with the PolyA Tail kit (Ambion). mRNA encoding cytoplasmic transcripts was transcribed from an identical vector lacking the ER-translocation and lysosomaltargeting motifs.
MDDC preparation and transfection
MDDCs were prepared as previously described. 25 Briefly, PBMCs were washed several times in RPMI medium to remove platelets and were plated into Corning (Corning, NY) 6-well plates in 5% PHS medium and incubated for 60 minutes at 37°C to adhere monocytes. Nonadherent PBMCs were washed off the plate and frozen in 10% DMSO for future use. Adherent monocytes were grown in 1% normal human plasma for 5 days in the presence of IL-4 and GM-CSF. On day 5, MDDCs were harvested, transfected or mock transfected, and then matured for 24 hours with a cytokine cocktail containing IL-1␤, TNF␣, IL-6, and PGE2 as previously described. 26 
Transfection of APCs
For transfection, antigen-presenting cells (APCs) were washed 3 times and resuspended to a concentration of 3.3 ϫ 10 6 /mL in Optimem medium (Invitrogen, Carlsbad, CA). APCs (10 6 ) were incubated with 10 g mRNA (or an equal volume of H 2 O for mock transfections) on ice for 10 minutes and then electroporated in a 0.2-cm cuvette with a GenePulser Xcell (BioRad, Hercules, CA) at 400 V/ 0.75 ms, square wave protocol.
T-cell-MDDC coculture assays
Frozen PBMCs were thawed, stained with CFSE, and plated out at 150 000 cells/well in a 96-well plate with 15 000 mature autologous MDDCs per well. Cultures were supplemented with IL-2 (50 U/mL) starting on day 3.
Intracellular cytokine staining and ELISpot
Overlapping peptides (OLPs) were designed and synthesized as previously described. 27 To initiate the ICS assay using synthetic peptide, T cells were incubated with 5 g/mL synthetic peptide for 1 hour, after which brefeldin A (BFA) was added to each sample to a final concentration of 10 g/mL. T cells were incubated for an additional 5 hours before being stained, fixed, and permeabilized using the Fix/Perm kit (Becton Dickinson, San Jose, CA). Fluorescence-activated cell sorter (FACS) analysis was performed with FACSCalibur or LSR2 flow cytometers (Becton Dickinson).
ELISpot assays were performed as previously described. 27 To determine specificity of T-cell lines expanded with Nef mRNA, T-cell lines were tested separately with each of the 27 Nef OLPs. Ex vivo responses were determined as previously described. Briefly, PBMCs were tested by ELISpot with a consensus peptide matrix spanning the HIV genome, and positive responses were confirmed with individual peptides. In some cases prior to ELISpot, T-cell lines were depleted of CD8 ϩ or CD4 ϩ T cells using anti-CD8 or -CD4 magnetic beads (Dynal Biotech, Lake Success, NY) according to manufacturer's instructions.
Statistical analysis
T-cell responses expanded by lysosomal and cytoplasmic constructs ( Figure  4B ) were compared using the Wilcoxon matched-pairs test. For each subject, the magnitude of the net CD4 response expanded by lysosomal antigen was paired with the magnitude of the net CD4 response expanded by cytoplasmic antigen, and a 2-tailed P value was calculated. The analysis was repeated for CD8 responses.
The breadth of responses shown in Table 1 was compared with the corresponding clinical parameters by determining the Spearman rank coefficient and significance level for CD4 count versus breadth of CD4 response, CD4 count versus breadth of CD8 response, viral load versus breadth of CD4 response, and viral load versus breadth of CD8 response; P was greater than .2 in all cases (no significant correlation).
The frequencies of recognition of individual peptides recognized by ex vivo PBMCs and expanded T-cell lines ( Figure 6B ) were compared by determining the Spearman rank coefficient. Spearman r and associated 2-tailed P values are reported. Spearman r and associated 2-tailed P values are also reported for individual peptides and peptide entropy ( Figure 6C ).
Calculations were performed with GraphPad Prism 3.0 for Macintosh (GraphPad Software, San Diego, CA).
Results
Transfection with synthetic mRNA delivers HIV antigen to APCs with high efficiency
In order to boost immune responses in vivo and measure T-cell activity in vitro, it is desirable to deliver HIV antigens reproducibly to a very high percentage of APCs. Previous reports have shown that transfection with synthetic mRNA can be an efficient way to deliver antigens, 11 including HIV antigens, 14 to APCs. We used 2 methods to estimate the efficiency of antigen delivery to transfected APCs. First, we transfected MDDCs with mRNA encoding GFP. As shown in Figure 1A , greater than 75% of MDDCs expressed GFP after transfection with mRNA. As a functional measure of efficiency of antigen delivery, we determined the percentage of APCs that could be specifically killed by an antigen-specific cytotoxic T lymphocyte (CTL) clone. HLA B57 ϩ BLCLs were transfected with synthetic mRNA encoding HIV p24 antigen and used as targets in a Cr-release assay with a CD8 ϩ T-cell clone specific for an HLA B57-restricted epitope (ISW9) within p24. Figure 1B shows that specific lysis of transfected BLCLs was 87% of the maximal specific lysis of targets loaded with excess peptide. Thus mRNA transfection efficiently delivered antigen to the majority of APCs. These data confirmed that electroporation of APCs with mRNA encoding HIV antigens is practical and leads to the efficient processing and presentation of antigen to CD8 ϩ T cells. The electroporation conditions and RNA dose used for the experiment in Figure 1 were determined to be optimal for transfection of BLCLs (not shown).
Synthetic mRNA encoding the 2001 clade B consensus nucleotide sequence is highly immunogenic
In order to directly compare the immunogenicity of MDDCs transfected with synthetic mRNA to that of synthetic peptides, we created a DNA template from a synthetic gene matched to a noncodon-optimized 2001 clade B HIV-1 consensus sequence. DNA encoding the complete ORF was synthesized de novo, and the synthetic consensus gene was amplified and subcloned for use in subsequent experiments. In all experiments, a Gly-to-Ala point mutation was introduced by PCR at residue position 2 of the Nef consensus sequence; this mutation has been shown to obviate Nef-mediated major histocompatibility complex (MHC) class I down-regulation. 28 Except for residue G2, the predicted 207-residue translation product of the consensus Nef sequence is 100% identical to that of an array of synthetic overlapping peptides (OLPs) covering the 2001 B consensus Nef sequence, allowing a direct comparison of immune responses to mRNA and synthetic peptide.
To determine whether the consensus Nef sequence was immunogenic, we generated synthetic mRNA from a template DNA sequence encoding the immunodominant central region of consensus Nef (residues 67-148). MDDCs were derived from the PBMCs of a chronic HIV ϩ subject, transfected with mRNA, and matured overnight with a cytokine cocktail. The responses of autologous Nef-specific T cells to transfected MDDCs and a sequencematched peptide pool were compared in an overnight IFN␥ ELISpot assay. Figure 2 shows that the response of PBMCs to nef-transfected MDDCs was at least as intense as the response to a sequence-matched peptide pool. Subsequent experiments (Figure 3) confirm that the synthetic consensus Nef sequence is also highly immunogenic when expressed as a full-length protein.
Targeting Nef into the endosomal/secretory pathway promotes presentation to CD4 ؉ T cells
The antigens shown in Figures 1 and 2 are expressed as cytoplasmic proteins, which are expected to be degraded by the proteasome and enter the MHC class I processing pathway. Given increasing evidence for the importance of functional HIV-specific CD4 ϩ T cells in control of HIV infection, 8 we concentrated on developing a system of antigen delivery that would efficiently stimulate both CD4 ϩ and CD8 ϩ T cells. Several previous reports have examined Lysis of HLA-B57 ϩ BLCLs by a CTL clone specific for the B57-ISW9 epitope (ISPRTLNAW) of HIV p24 was determined with a 51 Cr-release assay at an effector-target ratio of 3:1. BLCLs were transfected with 10 g of mRNA encoding p24 or irrelevant control mRNA. The transfected cells were loaded with ISW9 peptide as positive control or left untreated as a negative control. Results shown are the average of duplicate wells. By comparing the percent specific lysis of p24-transfected targets (68%) to percent specific lysis of targets loaded with 2 g/mL peptide (78%), we estimate that the transfection efficiency of BLCLs electroporated with p24 mRNA approaches 90%. Dose titration showed that 10 g mRNA was optimal for this assay (not shown). For responses to adjacent OLPs, a minimal value (assuming that any 2 adjacent responses represent a single epitope) and a maximal value (assuming that adjacent responses represent discrete epitopes) were calculated. Limiting dilution analysis (not shown) identified discrete epitopes within adjacent OLPs recognized by some T-cell lines. There were no significant correlations between clinical parameters and breadth of expanded CD4 ϩ or CD8 ϩ T-cell responses (see "Patients, materials, and methods").
NA indicates not applicable.
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effects of targeting of antigens into the endosomal/lysosomal pathway to promote access to MHC class II-loading compartments, with some reports finding enhancement of antigen presentation to CD4 ϩ T cells 22, 23, 29 and some finding no effect. 20 In order to test the effects on CD4 ϩ and CD8 ϩ T-cell responses of targeting Nef to the lysosome, we expressed the consensus Nef ORF as a chimeric protein, with the nef sequence preceded by an ERtargeting signal sequence and followed by the lysosomal-targeting motif of LAMP-1. 29 Thus the translation product of this genetic construct is predicted to be translocated into the ER and directed from the secretory pathway into a lysosomal compartment.
We transfected BLCLs with mRNA encoding consensus Nef expressed as a cytoplasmic protein ("CytoNef") or as a lysosometargeted chimera ("LysoNef") and used transfected BLCLs to stimulate a Nef-specific CD4 ϩ T-cell line and a Nef-specific CD8 ϩ T-cell clone. Figure 3B shows that lysosome-targeted Nef efficiently activates the CD4 ϩ T-cell line, whereas cytoplasm-targeted Nef does not activate a significant CD4 ϩ response. Conversely, both cytoplasm-and lysosome-targeted Nef efficiently stimulated a CD8 ϩ T-cell clone, although the cytoplasmic antigen is somewhat more antigenic for CD8 ϩ T cells. In order to determine whether lysosomal targeting was strictly required for HLA class II presentation, we introduced an in-frame stop codon into the LysoNef sequence between the Nef ORF and the lysosomal targeting motif. The resulting construct ("SecNef") is predicted to be secreted and not retained in the lysosome. Presentation of SecNef to the CD4 ϩ T-cell line is more efficient than presentation of CytoNef and reduced from that of LysoNef. Thus targeting of Nef protein to the endosomal/secretory pathway permits transfected BLCLs to stimulate both CD4 ϩ and CD8 ϩ T cells.
In order to examine the kinetics of class II-restricted antigen presentation to a Nef-specific CD4 ϩ T-cell line, we transfected BLCLs with LysoNef over a series of time points. As a positive control, BLCLs were loaded with cognate peptide and washed 3 times; as negative controls, BLCLs were mock transfected or loaded with irrelevant peptide. After antigen loading, APCs were returned to culture for increasing periods of time and then assayed for antigen presentation to a CD4 ϩ T-cell line by ICS, as shown in Figure 3C . The ICS assay requires addition of BFA to block IFN␥ secretion; this drug would also be expected to block export of nascent LysoNef protein into the endosome. Figure 3C shows that sufficient antigen to activate T cells at near-maximal levels had been exported from the ER when BFA was added as early as 4 hours after transfection. In a separate experiment, when BFA was added only 2 hours after transfection, activation of the T-cell clone was already about 30% of maximal (data not shown). Thus expression and export of chimeric antigen in mRNA-transfected cells is rapid and prolonged.
In order to determine whether targeting Nef antigen to the lysosome would also enhance expansion of specific CD4 ϩ T cells by transfected DCs, we derived MDDCs from the blood of 9 chronic HIV ϩ subjects and transfected them with either cytoplasmic-or lysosomal-targeted consensus Nef constructs. Matured DCs were cocultured with autologous PBMCs for 12 to 14 days, after which the specificity of the resulting polyclonal T-cell lines was determined by ICS using the pool of overlapping Nef peptides. The LysoNef-and CytoNef-expanded responses of a representative donor are shown in Figure 4A . There was a prominent Nef-specific CD4 response (2.1% of CD4 ϩ T cells) in the T-cell line expanded with the lysosomal construct, whereas the CD4 ϩ response in the line expanded with CytoNef was negligible. Conversely, the CytoNef-expanded CD8 response was greater than the LysoNefexpanded response (3.0% vs 1.0%, respectively).
The overall CD4 and CD8 responses were compared for all T-cell lines from the 9 donors expanded by the 2 constructs ( Figure  4B ). Expansion with LysoNef produced a significantly greater frequency of Nef-specific CD4 ϩ T cells than expansion with CytoNef (P ϭ .0039). Conversely, there was a slight decrease in frequency of Nef-specific CD8 ϩ T cells expanded in response to LysoNef compared with CytoNef, but this effect was not statistically significant (P ϭ .16). Thus lysosomal targeting of the consensus Nef protein in mRNA-transfected MDDCs produced a significant increase in the expansion of Nef-specific CD4 ϩ T cells without compromising the ability to expand CD8 ϩ T cells.
Transfected DCs expand CD4 ؉ and CD8 ؉ T cells recognizing a broad array of epitopes
To determine the breadth as well as the frequency of expanded T-cell responses, MDDCs from a subject with chronic HIV infection were transfected with LysoNef mRNA or were mock transfected. Autologous PBMCs were stained with CFSE and cocultured with LysoNef-transfected MDDCs. On day 14, the specificities of the T-cell lines were determined by ELISpot with an array of 27 Nef consensus OLPs. T cells expanded with nef RNA responded to 6 of the OLPs. No significant response was expanded by mock-transfected MDDCs (not shown). In order to determine the phenotype of antigen-specific T cells expanded by transfected DCs, the mRNA-expanded T-cell line was tested in an ICS assay with each of the 6 peptides to which it had a strong ELISpot response. Figure 5 shows that 3 of the 6 peptides tested were recognized by CD4 ϩ T cells, whereas the other 3 peptides were recognized by CD8 ϩ T cells, confirming that transfection is able to induce a broad and diverse T-cell response. Furthermore we note that all of the antigen-specific T cells had undergone many cycles of replication as indicated by CFSE dilution.
In order to analyze the breadth and specificity of T-cell lines expanded by transfected DCs, MDDCs were derived from the blood of 13 chronic HIV ϩ subjects and transfected with LysoNef mRNA. For 6 of these subjects MDDCs were also mock transfected. After 12 to 14 days, T-cell lines were tested by ELISpot with the Nef peptide array. Each positive response was determined to be CD8 ϩ or CD4 ϩ (either by ICS or by ELISpot after predepletion with anti-CD4 or -CD8 beads). The 13 T-cell lines each recognized between 1 and 6 CD8 epitopes (mean ϭ 2.3) and between 0 and 5 CD4 epitopes (mean ϭ 1.9). Responses are shown in Table 1 and Figure 6A . T-cell lines expanded with mock-transfected DCs had no Nef-specific responses (data not shown).
Previous studies have investigated the distribution of ex vivo responses against consensus peptides in clade B HIV ϩ chronic subjects. Frahm et al 27 found that PBMC responses were clustered into regions of high and low epitope density within the consensus Nef sequence and that the vast majority of responses detected in that study were CD8 ϩ . We compared the distribution of CD4 ϩ and For personal use only. on July 15, 2017. by guest www.bloodjournal.org From CD8 ϩ specificities in the 13 expanded T-cell lines against the ex vivo Nef-specific responses of 347 chronic HIV ϩ subjects. Ex vivo responses were determined by testing subject PBMCs with a matrix of OLPs spanning the entire HIV genome as previously described. 27 Figure 6B shows that the distribution of Nef CD8 epitopes recognized by the RNA-expanded T-cell lines is very similar to the overall ex vivo responses in the chronic cohort. The correlation between the responses was highly significant (P Ͻ .001, r ϭ 0.71). Conversely, there was no significant correlation between the distribution of CD8 epitopes and CD4 epitopes recognized by the expanded T-cell lines ( Figure 6B ; P ϭ .18) or between ex vivo responses and expanded CD4 responses (not shown), consistent with the observation that CD8 ϩ T cells constitute the majority of ex vivo responses in chronic subjects. These results demonstrate that mRNA-transfected DCs are able to expand CD8 ϩ T cells representing the full repertoire of consensus Nef epitopes recognized by circulating CTLs in vivo. Furthermore, LysoNef-transfected DCs are also able to expand CD4 ϩ T cells, recognizing a distinct array of Nef peptides, from rare precursors in the PBMCs of chronic HIV ϩ subjects.
Previous studies of CD8 ϩ responses in chronic HIV subjects have noted an inverse correlation between the frequency of recognition of a consensus peptide and the degree of amino acid sequence variability (as indicated by a Shannon entropy score) within the region covered by the peptide. 27, 30 These studies did not examine CD4 epitopes. For each Nef peptide, we compared the mean entropy of residues within the OLP to the frequency of recognition by PBMCs of 347 chronic subjects or by expanded CD8 and CD4 T cells from the 13 subjects. As found previously, 27 the frequency of consensus epitope recognition by ex vivo PBMCs was inversely proportional to sequence entropy (P Ͻ .001, r ϭ Ϫ0.84; not shown). Likewise, in polyclonal lines expanded by transfected MDDCs, the frequency of recognition by CD8 T cells was also inversely proportional to entropy ( Figure 6C ; P ϭ .0037, r ϭ Ϫ0.54). However, there was no correlation between frequency of recognition and entropy for CD4 epitopes ( Figure 6C ; P ϭ .40).
In summary, our data show that lysosomal targeting of HIV antigens in APCs leads to the reproducible expansion of polyclonal CD8 ϩ T cells that reflect the specificity of responses occurring in vivo. Furthermore, this strategy empowers APCs with the ability to simultaneously expand HIV-specific CD4 ϩ T cells.
Discussion
In spite of the benefits of antiretroviral chemotherapy in developed countries, there is a significant risk of treatment failure due to viral drug resistance, intolerable side effects, or lack of access to an affordable drug supply. Thus there is great interest in the development of therapeutic vaccines that may boost the immune response to HIV and protect against the worst effects of drug failure. The ability to specifically expand both CD4 ϩ and CD8 ϩ T cells specific for HIV antigens may be a critical factor in the development of an effective immunotherapy. In this report we examined the ability of MDDCs transfected with synthetic mRNA-encoding model HIV antigens to expand HIV-specific CD4 ϩ and CD8 ϩ T cells from the blood of subjects with chronic infection.
As an in vitro approximation of therapeutic vaccination, we cocultured PBMCs from HIV ϩ subjects with transfected autologous MDDCs and analyzed the resulting T-cell lines for breadth of specificity and magnitude of CD4 ϩ and CD8 ϩ T-cell responses. We determined that expressing Nef as a lysosomal construct increased the expansion of Nef-specific CD4 ϩ T cells without significantly affecting the expansion of CD8 ϩ T cells. Targeting antigen to the lysosome has been shown to improve presentation to CD4 ϩ T cells for several other proteins, 22, 23, 29 although recent reports indicate that class II-restricted epitopes can be generated by dendritic cells from cytoplasmic protein via autophagy 31, 32 or TAP-dependent transport of proteasomal products. 33 The variable ability of different cytoplasmic proteins to access MHC class II antigen-loading compartments is a matter of ongoing investigation. [31] [32] [33] [34] Indeed, for many of the subjects studied, DCs transfected with cytoplasmic antigen expanded a small but measurable Nef-specific CD4 ϩ response, indicating that cytoplasmic antigen had access to MHC class II-loading compartments in these DCs, although the capacity of cytoplasmic antigen to expand CD4 ϩ T cells was greatly reduced compared with lysosomal antigen.
We also examined the breadth and specificity of T-cell responses expanded by LysoNef-transfected MDDCs. We found that the specificity of expanded CD8 ϩ T cells for individual consensus The frequency of CD8 but not CD4 responses is inversely correlated to OLP entropy. For each OLP, the frequency of recognition was plotted against the average Shannon entropy score for amino acids within the OLP. Entropy values were calculated as previously described. 27 peptides was highly correlated to the specificity of ex vivo responses found in a very large cohort of chronic subjects. Thus in the context of therapeutic vaccination, LysoNef-transfected MDDCs would be expected to stimulate and expand the full array of circulating Nef-specific CTLs present in chronic HIV ϩ vaccinees. Unlike the CD8 response, the specificity of LysoNef-expanded CD4 ϩ T cells in the same polyclonal lines had no significant correlation with ex vivo PBMC responses. Thus therapeutic vaccination with this construct would be expected to expand rare circulating CD4 ϩ T cells with a different spectrum of specificities from the CD8 ϩ T cells.
Consistent with previous reports, we find preferential targeting of certain OLPs within the consensus Nef sequence both by ex vivo PBMCs and by expanded CD8 ϩ T cells. Furthermore the frequency of recognition by CD8 ϩ T cells was strongly and inversely correlated with peptide sequence variability (entropy). Thus there was no increase in the frequency of recognition of high-entropy peptides even when T-cell lines were expanded with highly immunogenic MDDCs ( Figure 6C ). Why high-entropy consensus peptides are not recognized by CTLs in chronic subjects is not fully understood; it may be related to an absence of predicted proteasome cleavage sites 35 or to an increased rate of escape in these regions 30 or to increased variability between autologous viral sequences and consensus antigen.
We also found that in expanded T-cell lines from chronic subjects, there is no correlation between peptide sequence entropy and frequency of CD4 ϩ T-cell recognition. A similar lack of correlation was found for ex vivo CD4 ϩ T-cell responses in chronic subjects (D.E.K. and E.S.R., unpublished results, 2004). This finding is consistent with the hypothesis that high-entropy peptides correspond to regions of Nef that lack proteasomal cleavage sites but are efficiently processed for class II presentation within the lysosome. Alternatively, class II-restricted responses may simply be more tolerant of sequence variability outside of the anchor residues.
In conclusion, we have demonstrated that MDDCs transfected with mRNA encoding a lysosome-targeted Nef construct can drive the expansion of antigen-specific CD4 ϩ and CD8 ϩ T cells recognizing a broad array of epitopes and provide the basis for a promising new mechanism of antigen delivery for immunotherapy of HIV ϩ subjects.
